Establishment and maintenance of gene expression states is central to development and differentiation. Transcriptional and epigenetic mechanisms interconnect in poorly understood ways to determine these states. We explore these mechanisms through dissection of the regulation of Arabidopsis thaliana FLOWERING LOCUS C (FLC). FLC can be present in a transcriptionally active state marked by H3K36me3 or a silent state marked by H3K27me3. Here, we investigate the trans factors modifying these opposing histone states and find a physical coupling in vivo between the H3K36 methyltransferase, SDG8, and the H3K27me3 demethylase, ELF6. Previous modeling has predicted this coupling would exist as it facilitates bistability of opposing histone states. We also find association of SDG8 with the transcription machinery, namely RNA polymerase II and the PAF1 complex. Delivery of the active histone modifications is therefore likely to be through transcription at the locus. SDG8 and ELF6 were found to influence the localization of each other on FLC chromatin, showing the functional importance of the interaction. In addition, both influenced accumulation of the associated H3K27me3 and H3K36me3 histone modifications at FLC. We propose the physical coupling of activation and derepression activities coordinates transcriptional activity and prevents ectopic silencing.
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epigenetic regulation | histone modifications | histone methyltransferase | histone demethylase | FLOWERING LOCUS C C hromatin-based transcriptional activity is particularly important in multicellular organisms, where cells differentiate into very different developmental states. Transcriptional states are induced by internal developmental signals or triggered by environmental conditions and are then epigenetically maintained through many cell divisions. Considerable evidence suggests that opposing histone modifications mark different transcriptional states (1) (2) (3) (4) (5) (6) . However, there is still great debate as to how histone-based transcriptional states are initially established and maintained through development (7, 8) . We used Arabidopsis FLOWERING LOCUS C (FLC) as a model gene to explore histone-based transcriptional regulation and epigenetic memory. Local chromatin states are critical for quantitatively controlling FLC expression (9) . Active FLC expression requires functional FRIGIDA (FRI) and a set of histone modifying Trithorax homologs, Complex Proteins Associated with Set1 (COMPASS), RNA polymerase II Associated Factor 1 complex (PAF1C), and SET DOMAIN GROUP 8 (SDG8), the major H3K36 methyltransferase (10) (11) (12) (13) (14) (15) (16) (17) . Repression of FLC requires either the autonomous pathway, which coordinately influences transcriptional initiation and elongation with associated chromatin modulation, or vernalization, the cold-induced Polycomb silencing (18) (19) (20) (21) . Both of these involve accumulation of high levels of H3K27me3 at FLC (20) (21) (22) . A series of FLC antisense transcripts (COOLAIR) contribute to these repression pathways (18, (23) (24) (25) (26) . Our previous work revealed that H3K36me3 is associated with an actively transcribed FLC ON state, opposing an H3K27me3 OFF state, where a high level of H3K27me3 across FLC maintains long-term silencing (18, 23) . The deposition of active histone marks inhibits H3K27me3 accumulation at FLC (27) , but very few studies have addressed how active histone modifications such as H3K36me3 antagonize PRC2 silencing.
Opposing H3K36me3 and H3K27me3 states are particularly interesting as previous theoretical analysis had predicted the existence of such opposing, mutually exclusive histone modification states (23, 28) . Such a system would be maintained by nonlinear positive feedback mechanisms that could give robust bistability, resistant to noise and DNA replication. The nonlinear mechanism required that histone modifications could, directly or indirectly, recruit enzymatic complexes capable of both adding more of the same modification and removing opposing modifications. Here, we test this prediction through investigation of the protein partners of the relevant histone modifiers. Importantly, we show that the H3K36 methyltransferase SDG8/EFS interacts with an H3K27 demethylase, EARLY FLOWERING 6 (ELF6) known to regulate FLC (1), as predicted. We also find SDG8 interacts with the transcription machinery RNA Pol II and the associated factor PAF1C, independently of ELF6. SDG8 and ELF6 influence the localization of each other on FLC chromatin and both activities maintain the FLC active state. This coupling between histonemodifying activation and derepression results in effective antagonism of FLC silencing and promotes an actively transcribed state.
Results
The H3K36 Methyltransferase SDG8 Links Active Transcription to Anti-PRC2 Silencing. Our previous work had shown that H3K36me3 is associated with active FLC transcription and that switching from Significance How chromatin influences transcription is a major question in biology. Chromatin states and transcriptional activity are correlated, but the interconnections and feedbacks in chromatin regulation that lead to quantitative transcriptional regulation are poorly understood. Previous mathematical modeling has shown the importance of dynamic, opposing histone modifications to enable maintenance of one chromatin state through many cell divisions, yet retain the ability to switch from one state to the other. Here, we validate a prediction of that modeling-physical association between the histone modifiers: the methyltransferase specific for the active state with the demethylase specific for the silent state. Such physical coupling of activities regulating opposing chromatin states is likely to be a general feature in chromatin-based transcriptional regulation.
an H3K36me3 to H3K27me3 modified state at FLC is necessary for silencing (18, 25, 29) . We therefore investigated how H3K36me3 links to gene activation and anti-H3K27me3 silencing activity. To address this question, we first determined the in vivo components that interact with SDG8, the main H3K36 methyltransferase in Arabidopsis seedlings. An SDG8-GFP that was efficiently enriched by immunoprecipitation (Fig. 1 ) rescued the mutant phenotype (Fig. 2) . SDG8-GFP interacting proteins were identified through a proteomic/mass spectrometry analysis. SDG8 was detected together with EARLY FLOWERING 7 (ELF7) and EARLY FLOWERING 8 (ELF8)/VERNALIZATION INDEPENDENT 6 (VIP6) (Fig. 1B) . ELF7 and ELF8 are the Arabidopsis homologs of PAF1 and CTR9, respectively, components of the conserved PAF1 complex (15, 30) . This finding parallels the situation in yeast and human cells, where the H3K36 methyltransferase complex (SET2) associates with the PAF1 complex (30) (31) (32) . The elf7 and elf8 mutants display similar early flowering phenotypes to sdg8 through loss of FLC expression, fitting with their functioning in the same genetic pathway (15) . Because the PAF1 complex components copurified with SDG8, we asked whether SDG8 associates with RNA Pol II. Coimmunoprecipitation (Co-IP) experiments showed that this is the case (Fig. 1D ). This interaction links the function of PAF1 in the efficient release of promoter-proximal paused Pol II with H3K36me3 and transcriptional elongation (33, 34) .
We also identified ELF6 peptides in the SDG8:GFP elution (Fig. 1B) . ELF6 is an H3K27me3 demethylase in Arabidopsis shown to prevent inheritance of the vernalized state to the next generation through its demethylase activity (1) . To confirm this interaction, ELF6:GFP and SDG8:Flag were transiently coexpressed in Nicotiana benthamiana by Agrobacterium infiltration. SDG8:Flag could be detected after GFP-trap pull-down (Fig.  1C) . To further confirm the interaction in Arabidopsis in vivo, SDG8:Flag/sdg8 was crossed with ELF6:GFP/elf6, where both constructs complemented the mutant phenotypes, respectively (Fig. 2 B and C) . ELF6:GFP was found to copurify with SDG8:Flag (Fig. 1D) . The reciprocal pull-downs, therefore, confirm the interaction of the H3K27me3 demethylase ELF6 with the SDG8 H3K36 methyltransferase. This result parallels the JMJD3-SETD2 interaction in the human 293T cell line, where JMJD3 associates with elongation factors to release promotor-proximal paused Pol II from bivalent H3K27me3-and H3K4me3-marked promoters (32) . This led us to try linking ELF6 to Pol II, but we could not detect Pol II in ELF6:GFP immunoprecipitated products (Fig. S1 ), so the SDG8-ELF6 interaction is probably independent of transcriptional elongation. The mutually exclusive pattern between H3K27me3 and H3K36me3 has been found in several other systems (2, 35, 36) and could be explained by the observation that H3K36me3 can inhibit PRC2 activity (37) . Our data here provide another possible explanation: that H3K36me3 antagonizes PRC2 repression by codelivering H3K27 demethylase activity with the H3K36 methyltransferase.
SDG8 and ELF6 Have an Interdependent Association with FLC. Both SDG8 and ELF6 are FLC activators in flowering time regulation (1, 14, 16, 29, 38) . To address whether SDG8 and ELF6 are functional in the same genetic pathway, the loss-of-function mutants were combined together by crossing. The double mutant was much smaller than elf6 and sdg8 ( Fig. 2A ), but we did not detect any additive effect on flowering time and FLC expression ( Fig. 2 B and C), showing they function in the same genetic pathway. A coupling of SDG8 and ELF6 function to regulate FLC does not imply cofunctioning generally, as evidenced by nonoverlapping additional phenotypes of the mutants ( Fig. 2A) .
The interdependence of SDG8 and ELF6 function at FLC was explored using chromatin immunoprecipitation (ChIP). SDG8:GFP/sdg8 and ELF6:GFP/elf6 fusions that fully complemented the mutant phenotypes were generated ( Fig. 2 B and C). ELF6 and SDG8 were significantly enriched at FLC (Fig. 2 D-F) ; ELF6 enrichment was even across the locus, consistent with the generally low level of H3K27me3 before vernalization ( Fig. 2 F and H) (29) . SDG8 was slightly more enriched over the FLC promoter but did not reflect the localized H3K36me3 accumulation at FLC in the warm (Fig. 2 E and G) (29) . To address how SDG8 and ELF6 function together to regulate FLC, SDG8:GFP/ sdg8 was crossed to the elf6 sdg8 double mutant. SDG8:GFP/elf6 sdg8 was identified from the cross and found to have an elf6 mutant phenotype and similar SDG8 expression level as SDG8:GFP/sdg8 ( Fig. 2 B and C and Fig. S2 A and B). SDG8 enrichment at FLC was reduced in SDG8:GFP/elf6 sdg8 (Fig. 2E ), suggesting ELF6 is required for SDG8 localization on FLC chromatin. ELF6:GFP/elf6 sdg8 was generated using the same strategy and had an sdg8 phenotype and similar ELF6 expression to ELF6:GFP/elf6 ( Fig. 2 B and C and Fig. S2 C and D). ELF6 enrichment at FLC was also disrupted by the sdg8 mutation (Fig.  2F) . Thus, both SDG8 and ELF6 are necessary to maintain each other at FLC, providing activities that promote the active state.
To explore the function of the coupling between SDG8 and ELF6 on histone modifications at FLC, H3K36me3 and H3K27me3 levels were measured in nonvernalized plants. We had previously shown that lack of SDG8 greatly reduced H3K36me3 levels ( Fig. 2G) (29) , whereas lack of ELF6 increased H3K27me3 (Fig. 2H) (1) . As expected from the coupling of SDG8 and ELF6, loss of the H3K36 methyltransferase not only caused reduction of H3K36me3 but also increased H3K27me3 levels at FLC, and similarly, lack of ELF6 decreased H3K36me3 (Fig. 2 G and H) . Previously, we found that the chromatin states at FLC, especially the levels of H3K36me3/H3K27me3, correlate with coordinately affected transcriptional initiation and elongation (18) . To estimate the influence of sdg8 and elf6 on transcriptional initiation and elongation, we measured unspliced FLC (unspliced introns 2 and 3), spliced FLC (exon 1 and spliced FLC over exons 4, 5, and 6) and Pol II levels ( Fig. S3 A and B showed similar fold changes relative to sdg8: sdg8 elf6 (same level), elf6 (∼10-fold), and FRI (∼20-fold). However, total Pol II levels (detected by 8WG16) showed much smaller changes, only an approximately twofold change between sdg8 and FRI (Fig. S3B) . Because Pol II levels are determined by the ratio of the transcriptional initiation-to-elongation rates, the small change in Pol II levels associated with a large change in spliced/unspliced FLC levels suggests that SDG8 promotes both transcriptional initiation (∼20-fold increase between sdg8 and FRI) and elongation (∼10-fold increase). This view is reinforced by measurement of total RNA across intron 1 (Fig. S3D) , where comparing FRI to sdg8 levels rise from 5′ to 3′, qualitatively consistent with coordinate changes in transcriptional initiation and elongation (18) . The elf6 sdg8 double mutant displayed similar levels of H3K36me3 and H3K27me3 as the sdg8 single mutant, so no additive effect was detected between SDG8 and ELF6 at FLC chromatin ( Fig. 2 G and H and Fig. S3B ). The linkage between SDG8 and the Pol II transcriptional machinery and the coupling of SDG8 and ELF6 could, therefore, generate a feedback loop maintaining an active high H3K36me3 transcriptional state at FLC, antagonizing PRC2 function through reduction of H3K27me3.
The Overlap in SDG8 and ELF6 Expression Matches FLC Expression.
ELF6 is required to reset FLC expression during embryo development after vernalization (1, 39) . FLC expression in the embryo is necessary to confer late flowering (39) . Therefore, we compared SDG8 and ELF6 expression patterns to FLC during embryo development using the fluorescently tagged proteins. FLC was expressed during the very early stages of embryo development and this expression is maintained as embryos develop (Fig. 3A) . SDG8 and ELF6 have very similar expression patterns to FLC during embryo development ( Fig. 3 B and C) and all three proteins were also detected in seedlings (Fig. 3 D-F) (1, 16) . However, SDG8 and ELF6 expression show differences at different stages (Fig. S4) ; for example, ELF6 expression is significantly higher in embryos compared with seedlings (Fig. S4A) . Together, our data show that SDG8 and ELF6 are coexpressed in a pattern that matches one of their targets, FLC. The coexpression of SDG8 and ELF6 in embryo development suggests a possible function of SDG8-ELF6 in switching vernalization-silenced FLC to an active state to ensure a vernalization requirement in each generation.
ELF6 and JUMONJI DOMAIN-CONTAINING PROTEIN 13 Are Partially
Redundant in the Regulation of FLC. Our previous experimental data showed the dynamics of H3K27me3 accumulation are critical for FLC expression switching from ON to OFF upon cold exposure (29, 40, 41) . Silencing is initiated by cold through a cellautonomous nucleation of H3K27me3 at a specific intragenic region (two or three nucleosomes) (25, 29) . H3K27me3 then spreads across the whole FLC locus once plants are returned to warm conditions, thereby maintaining the silenced state through many cell divisions (23) . Given the central role of H3K27me3, we therefore investigated the role of ELF6 during this cold-induced epigenetic switching process. FLC repression dynamics in elf6 during vernalization were similar to wild type, even though starting expression levels were lower ( Fig. 4A and Fig. S5 ). Analysis of chromatin modifications at FLC in elf6 after a short vernalization period (to compensate for the low starting FLC expression levels in elf6) (Fig. S5) showed that H3K27me3 and H3K36me3 dynamics were very similar to the wild type (Fig. S6) , indicating ELF6 is not essential or redundant with other H3K27 demethylase(s) in this cold-induced silencing. We looked at the two close ELF6 homologs, RELATIVE OF EARLY FLOWERING 6 (REF6) (42) and JUMONJI DOMAIN-CONTAINING PROTEIN 13 (JMJ13) in the KDM4 family (43) . ref6 has an opposite phenotype to elf6, resulting in FLC up-regulation and late flowering before cold (Fig. S7A ) (38) and was repressed like the FRI wild type in the cold (Fig. S7A) . However, FLC silencing was not maintained in postcold growth in ref6, resulting in ref6 mutants flowering late, even after a 4-wk cold exposure (Fig. S7 A-C) . The higher FLC expression and loss of FLC epigenetic silencing are the opposite of what would be expected for loss of H3K27me3 demethylase activity, suggesting that FLC is unlikely to be a direct target of REF6, a point supported by REF6 ChIP sequencing (ChIP-seq) data (42) . A loss-of-function mutant for JMJ13 flowered similarly to the FRI wild type (Fig. 4 B and C) ; however, the elf6 jmj13 double mutant accelerated flowering and reduced FLC expression compared with elf6 (Fig. 4 B-D) , suggesting that ELF6 and JMJ13 may have partially redundant roles in flowering time control. During vernalization, elf6 and elf6 jmj13 showed relative FLC expression dynamics normalized to nonvernalized (NV) levels that were very similar to FRI (Fig. 4A) , even though absolute NV expression levels differed (Fig. S5) . These data indicate that the ELF6 H3K27me3 demethylase function is important to set the FLC expression state during growth in the warm, but FLC epigenetic switching during cold relies on other factors. Because global levels of H3K27me3 were not obviously increased in single, double, or triple mutants combining elf6, jmj13, and ref6 (Fig. S8) , other Arabidopsis H3K27me3 demethylases are likely to exist, and these may be important for the switching mechanism. Alternatively, the cold-induced PHD-PRC2 trans factor deposition of H3K27me3 at the nucleation region may override any H3K27me3 demethylase activity (20, 21, 44) . excellent system to dissect these mechanisms. Previous modeling had predicted that an ability to be epigenetically stable could be explained by opposing chromatin states with positive feedback from chromatin modifiers recruited by the deposited modifications (23, 28) . This modeling gave two fundamental predictions: The first was the existence of an active transcription-associated histone modification, which mirrors H3K27me3 dynamics in vernalization. We had previously validated this histone mark as H3K36me3 and found opposing H3K36me3/H3K27me3 patterns at the FLC nucleation region, although not elsewhere across the locus (29) . The second fundamental prediction from the modeling was that histone-modifying activation and derepression activities would be coupled to generate nonlinear positive feedback to maintain the bistable states (28) . Evidence for this has come from the observation that the H3K27 demethylase Jmjd3 recruits the SET1/MLL complex to target loci, hence switching bivalent H3K27me3, H3K4me3 promoters to H3K4me3 only, and thereby activating previously PRC2-silenced gene expression (5) . In this report, we provide the experimental validation for physical coupling through analysis of the SDG8-ELF6 interaction that couples H3K36me3 activation with H3K27 demethylation at FLC. Our data also suggest that SDG8 directly links to the Pol II transcriptional machinery, coordinately promoting transcriptional initiation and elongation, potentially generating a positive feedback loop. These would all oppose PRC2 activity, thereby promoting a high expression state at FLC. Loss of H3K36me3 activity is sufficient to ectopically silence FLC, reinforcing the view that dynamics between the histone methylases/demethylases for the opposing chromatin states play a significant role in determining the transcriptional state of FLC during the warm. It will be interesting to determine how this coupling of SDG8 and ELF6 overcomes PHD-PRC2 silencing to reset FLC expression in the embryo.
Interestingly, we also found that H3K27 demethylation activity is not essential for the switching of the FLC active state to the silent state by cold exposure. However, this finding is still consistent with model predictions (23) . This transition is believed to be caused by a rare, cell-autonomous stochastic switch between the H3K36me3 and H3K27me3 states in the nucleation region. At a population level, this digital switching registers the overall length of cold exposure (25) . Such digital H3K27me3 nucleation is likely to be imposed externally to the otherwise bistable histone modification dynamics (23, 25) , most likely mediated by the cold-induced PHD protein VIN3 together with VRN5 and PRC2 (20, 44) . This reasoning explains why perturbing histone modifying activities through the H3K27 demethylase affects FLC expression in the warm but why, relative to this expression level, cold-induced epigenetic silencing is unaffected. Overall, this analysis reinforces the view that histone modification dynamics play a necessary but not sufficient role in FLC dynamics (29) .
In general, the physical coupling of histone activation and derepression activities could be a widespread phenomenon in antisilencing and hence promotion of active transcriptional states. It adds weight to the expectation that we will also find physical coupling of the opposite combination of activities, histone deactivation and repression, which are effectively coordinated in many systems (3, 4, 6, 45) . Identification of the H3K36me3 demethylase at FLC will allow its physical association with PRC2 to be investigated.
Materials and Methods
Plant Materials and Flowering Time Measurement. All of the mutants were in the FRI sf2 background and the growth conditions were described previously (29) . sdg8 and elf6 were described previously (1, 29) . The transfer-DNA (T-DNA) insertion line (GABI_113B06, jmj13) and ref6 (SALK_001018) were obtained from the Nottingham Arabidopsis Stock Centre, and then crossed to FRI sf2 . Double and triple mutants were generated by crossing and selected by PCR genotyping. Flowering time was scored by rosette leaf number from the primary shoot meristem after plants had flowered.
Expression Analysis. Total RNA was isolated from 2-wk-old seedlings, seedlings in vernalization, and developing siliques according to ref. 1. Then RNA was treated with DNase (Roche) and the first strand cDNA was synthesized by SUPERSCRIPT III Reverse Transcriptase (Life Technologies). The primers used for FLC and UBC in quantitative PCR (qPCR) were described previously (29) . Primer pairs for ELF6 and SDG8 were ELF6 qPCR forward: 5′-CCTGCTGTAGGTTGG-TACAAAATC-3′; ELF6 qPCR reverse: 5′-CAGTTAAAACCGTGGCTGAATC-3′; SDG8 qPCR forward: 5′-CGGAAACTTCTGAAGGTATTAG-3′; and SDG8 qPCR reverse: 5′-AGAGTCCTTAAAGCTTTCCATC-3′. The total RNA fold changes along FLC intron 1 were measured as in ref. 18 .
GFP-Trap Pull-Down and Mass Spectrometry Sequencing Analysis. Total protein was extracted from 15 g of 2-wk-old SDG8:GFP/sdg8 seedlings using protein extraction buffer [100 mM Tris·HCl (pH 8.0), 150 mM NaCl, 2 mM EDTA (pH 8.0), 0.5% Igepal (Sigma) and proteinase inhibitor]. SDG8:GFP was enriched by GFPtrap (ChromoTek) and eluted by sample reducing agent (Life Technologies). The proteomic/mass spectrometry analysis was performed as described previously (46) . Empty beads (ChromoTek) were used for the control IP (CTL IP).
N. benthamiana Infiltration, Protein Co-IP, and Western Blot. The N. benthamiana leaves were used for infiltration as described previously (47) . Total protein was extracted and the Co-IP was performed as described (48) . A total of 10 g of 14-d-old seedlings for each genotype was used in the pull-down. In brief, the grinded power was homogenized in 25 mL IP buffer was sonicated and incubated at 4°C for another 20 min to digest the nucleic acid. The product was cleared by centrifuge and the supernatant was collected for the pull-down assay. Anti-FLAG M2 magnetic beads (Sigma) and GFP-Trap (ChromoTek) were used for the pull-down. Anti-Flag (Sigma), anti-GFP (Roche), anti-Pol II 8WG16 (Abcam), anti-H3 (Abcam), and anti-H3K27me3 (Millipore) were used in the Western blots.
ChIP. H3K27me3 and H3K36me3 levels were measured and all antibodies used as previously described (29) . The protocol for the binding of SDG8:GFP and ELF6:GFP at FLC were modified from histone modification ChIP. Nuclei were isolated from 5 g of cross-linked seedlings as described previously (29) . Nuclei were then washed twice by micrococcal nuclease (MNase) digestion buffer, digested by MNase (TAKARA) to a certain fragment size (main bands from ∼150 bp to ∼450 bp) at 37°C and stopped by 5 mM EDTA. The isolated chromatin was incubated with anti-GFP (ab290) and pulled out by salmon sperm DNA-coated Protein A agarose (Millipore). DNA was purified and analyzed as previously described (49) . The Pol II ChIP was performed as described in ref. 18 .
Confocal Microscopy. The FLC:VENUS/flc-2 transgenic line was described previously (50) . GFP was inserted at the C terminus just before the translation stop codon of ELF6 and SDG8 genomic sequences, respectively. Each fusion fully complements the mutant phenotype. The transgenic homozygous line at the T3 generation was selected for imaging. The plants were treated for 6 wk of vernalization, and then the developing embryos were isolated from developing siliques and used for imaging. Z slices were taken by a Leica TCS SP5 confocal microscope equipped with a Leica HyD Hybrid detector. Images from Z sections were projected using the maximum intensity projection algorithm from ImageJ software.
